Changes in gene expression during mouse myoblast differentiation were monitored by DNA microarray hybridisation. Four days after the onset of differentiation 2.37% of the genes increased in activity from a value of zero, whereas during the same time 1.68% of total genes had decreased expression. During the first 24 h of differentiation an average of 700 000 CpG sites per haploid genome were demethylated. Maximal loss of DNA methylation is attained after 2 days of differentiation, followed by a gradual remethylation. The highest demethylation is observed in highly repeated DNA sequences, followed by single copy sequences. When DNA replication is inhibited by aphidicolin or L-mimosine this genome-wide demethylation is still observed. During the first 3 h of differentiation there is an increase in the number of hemimethylated CpG sites, which disappear rapidly during the course of genome-wide hypomethylation. Transfection of cells with an antisense morpholino oligonucleotide to 5-methylcytosine DNA glycosylase (G/T mismatch DNA glycosylase) decreases both the activity of the enzyme and genome-wide demethylation. It is concluded that the genome-wide loss of DNA methylation in differentiating mouse myoblasts occurs in part by formation of hemimethylated CpG sites, which can serve as the substrate for 5-methylcytosine-DNA glycosylase.
INTRODUCTION
Genome-wide loss of DNA methylation is usually associated with cellular differentiation. This has been documented for the early development of mouse embryos (1) (2) (3) (4) (5) (6) (7) (8) , differentiating mouse myoblasts (9, 10) , Friend erythroleukemia cells (11) (12) (13) and teratocarcinoma cells (13) (14) (15) . In spite of intensive investigations, the mechanism(s) responsible for transient genomewide demethylation has not yet been completely elucidated. In the case of differentiating erythroleukemia cells, Adams et al. (11) proposed that a delay in methylation of DNA synthesised in the early period following the onset of differentiation may lead to undermethylation of DNA. As an alternative explanation, the results of the group of Razin et al. (16) suggest that genome-wide loss of DNA methylation preceding the differentiation of erythroleukemia cells occurs by enzymatic replacement of methylcytosine by cytosine. Similarly, we have previously shown (9) that maximal ex vivo genome-wide loss of DNA methylation in differentiating mouse myoblasts correlates with maximal activity of 5-methyldeoxycytidine excision repair. In addition, inhibition of ADP ribosylation in these cells by 3-aminobenzamide simultaneously prevented differentiation of myoblasts and genome-wide demethylation (9) . At the moment it cannot be excluded that the demethylation phenomenon results from a combination of passive and active mechanisms (17) (18) (19) (20) . Here we show that genome-wide demethylation in differentiating mouse myoblasts starts with the generation of hemimethylated sites which become the substrate of 5-methylcytosine DNA glycosylase (5-MCDG).
MATERIALS AND METHODS

Cell culture and treatments
Mouse G8 myoblasts were cloned and selected for the highest baseline levels of 5-MCDG. All experiments presented here were carried out with the same clone. Cells were grown on collagen-coated plates in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) horse serum, 10% (v/v) heat-inactivated fetal calf serum and 4.5 g/l glucose (9) . Before adding the differentiation medium, cells were rinsed once with phosphate-buffered saline. Differentiation was initiated at 80-90% cell confluency by changing to a serum-poor medium consisting of Dulbecco's modified Eagle's medium supplemented with 2% (v/v) heat-inactivated fetal calf serum and 4.5 g/l glucose. Pulse labelling of cells with [ 3 H]thymidine was carried out in microwell plates for 3 h in the presence of 2 µCi/ml [ 3 H]thymidine in culture medium. L-Mimosine (stock 10 mM) was dissolved in 10 mM HCl. Aphidicolin (stock 5 mg/ml) was dissolved in dimethylsulphoxide. The maximal final concentration of dimethylsulphoxide in cell culture was 0.5% (v/v). For each drug a dose-response curve was established by incorporation of [ 3 H]thymidine. Similarly, each drug was also tested in vitro for its effect on 5-MCDG and DNA methyltransferase activities.
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Antisense experiments with morpholino oligonucleotides
The 25mer antisense morpholino oligonucleotide targeting the start site of G/T mismatch DNA glycosylase (5-MCDG) 5′-CCATGTTAGGAACTTCTGCCATCAT-3′ and the control oligonucleotide 5′-CCTCTTACCTCAGTTACAATTTATA-3′ were prepared and purified at Gene Tools LLC (Corvallis, OR). Transfections were carried out according to the special delivery formulation of the manufacturer, using ethoxylated polyethylenimine as transfecting agent. Myoblasts grown to 80% confluency were transfected for 3 h with 1.5-5 µM morpholino oligonucleotides. Upon replacing the transfection solution with normal medium supplemented with serum, cells were incubated for an additional 16-20 h. This period was required to deplete 5-MCDG activity from the cells (see Fig. 6 ). Upon replacement of the normal medium by differentiation medium cells were incubated for another 24 h and harvested for cell fractionation and DNA extraction.
Fractionation of cells and enzymatic assays
Cells were fractionated using the nuclear and cytoplasmic extraction reagents from Pierce. The 5-MCDG activity assay was performed as described in our previous work (21) . The hemimethylated end-labelled oligonucleotide (only the lower strand is shown) 5′-AATATATATATATATATATATATATATCm-CGGATATATATATATATATAT-3′ was used as the substrate in all experiments. The 50mer oligonucleotide duplex for assay of G/T mismatch DNA glycosylase was as previously described (21) .
The DNA methyltransferase activity assay was performed as previously described (9) . Creatine phosphokinase activity was measured with the 520-C kit from Sigma Diagnostic and by western blots (22) . Protein concentration was determined with the Bradford reagent (Bio-Rad).
Purification of DNA methyltransferase 1 from HeLa cells
Exponentially growing HeLa cells were harvested by centrifugation. Packed cells (4 g) were resuspended into 20 ml of 0.34 M sucrose, 60 mM KCl, 15 mM NaCl, 1 mM EDTA, 25 mM HEPES, pH 7.5, 2 mM DTT and 2 mM benzamidine. Cells were homogenised with 20 strokes of a glass-glass Dounce homogeniser. Nuclei were sedimented by centrifugation at 1000 g for 10 min. Crude nuclei were resuspended into 8 ml of 25 mM HEPES, pH 7.5, 1 mM EDTA, 2 mM DTT, 1 mM phenylmethylsulphonyl fluoride (PMSF), 0.5 mM spermidine and 0.15 mM spermine. Nuclei were lysed by the slow addition of 4 M KCl (1/10 vol) and the resulting chromatin sedimented at 200 000 g for 1 h at 2°C. The supernatant fraction was precipitated with 0.47 g solid (NH 4 ) 2 SO 4 /ml solution. Upon recovery of the sediment by centrifugation, proteins were dissolved into 4 ml of 20 mM Tris, pH 7.5, 20 mM NaCl, 0.2 mM DTT and 0.2 mM PMSF and dialysed against the same buffer. Upon sedimentation of insoluble material, proteins were chromatographed on a 10 ml column of DEAE-Sepharose by FPLC. DNA methyltransferase eluted with 100 mM NaCl buffer was precipitated with solid (NH 4 ) 2 SO 4 as above. Upon sedimentation of the precipitate, proteins were dissolved in 200 µl of dialysis buffer (as above) and stored in aliquots at -80°C. Each batch of enzyme was assayed for de novo and maintenance DNA methyltransferase activities.
Preparation of total cellular RNA and hybridisation with DNA microarrays
Total RNA was prepared from control and differentiating myoblasts by a combination of two procedures. RNA was first extracted with Trizol reagent (Life Technologies) according to the protocol of the manufacturer. RNA was further purified by means of the RNeasy protocol of Qiagen. Purified RNA had a A 260 :A 280 absorbance ratio of 2.1-2.2 at pH 7.5.
An aliquot of 10 µg total RNA was reverse transcribed using the primer T7-(dT) 24 [5′-GGCCAGTGAATTGTAATAC-GACTCACTATAGGGAGGCGG-(dT) 24 -3′] according to the protocol of Affymetrix (Affymetrix GeneChip Expression Analysis Technical Manual, Revision 2, Ch. 2-9-2-12). The reverse transcription was performed using 400 U SuperScript II reverse transcriptase (Life Technologies) in a final volume of 20 µl at 42°C for 1 h. Second strand synthesis was performed by addition of Escherichia coli DNA ligase (10 U), DNA polymerase I (40 U) and RNase H (2 U) and incubation at 16°C for 2 h. Finally, a further 5 min incubation at 16°C was performed in the presence of 20 U T4 DNA polymerase. Double-stranded cDNA was cleaned up by phenol/chloroform extraction and phase separation with Phase Lock Gel (Eppendorf) according to the recommendations of Affymetrix. The cDNA was precipitated and resuspended in 12 µl of diethylpyrocarbonate-treated water and 10 µl was added to the in vitro transcription reaction. In vitro transcription and biotin labelling was performed using the BioArray high yield transcript labelling kit (Enzo Diagnostics, NY), which incorporates biotin-UTP and biotin-CTP into the transcripts, according to the manufacturer's recommended protocol. All further steps for microarray hybridisation were performed as recommended by Affymetrix. The cRNA was cleaned using RNeasy clean-up columns from Qiagen and fragmented by heating at 94°C for 35 min in fragmentation buffer (40 mM Tris-acetate pH 8.1, 100 mM KOAc, 30 mM MgOAc). An aliquot of 15 µg fragmented cRNA was loaded onto an Affymetrix U74A microarray and hybridised for 16 h at 45°C. The arrays were then washed and stained using the EukGE-WS2v3 fluidics protocol from Affymetrix and scanned using an Affymetrix GeneArray scanner. Data normalisation and comparisons were performed using the Affymetrix Microarray Suite v.4 and data mining was performed with Affymetrix DMT v.2 and Partek Pro 2000 (Partek, MI). The U74A array mask filter from Affymetrix was used to compensate for errors in the Unigene database. Hierarchical tree clusters were generated using the dChip program of Li and Wong (23) .
Isolation of genomic DNA and SssI methyl-accepting assay
DNA was isolated as previously described (9) and was digested to completion with EcoRI. Upon phenol-chloroform extraction DNA was ethanol precipitated and dissolved in 10 mM Tris pH 8.0. The SssI methyl-accepting assay was done essentially according to Schmitt et al. (24) . The final concentration of S-adenosyl-methionine (SAM) was 3 µM. Incubation was for 2 h at 37°C. Assays were run in triplicate with 0.5 µg DNA per assay. The reaction products were spotted onto either 2 × 2 cm DEAE-cellulose filters (Schleicher & Schuell) or on Hybond-N + membranes (Amersham). Filters were washed (24) and incubated overnight in scintillation fluid before counting.
Assay for hemimethylated DNA
This assay was carried out by a modification of the procedure described by Paroush et al. (25) . In a total volume of 100 µl containing 10 mM Tris-HCl pH 7.5, 10 mM MgCl 2 , 10 mM 2-mercaptoethanol, 25 mM NaCl and 10 µg BSA, 10 µg genomic DNA was digested with 20 U NciI (2 U/µg DNA) for 30 min at 37°C. The labelled oligonucleotide substrate 5′-ATCAGGCCATCAATGTGTTCTTTCACCCGGTCAC-GCTGACCAGGAAATA-3′ (only the upper strand is shown) was diluted with genomic DNA (5 ng labelled oligonucleotide in 1 µg total genomic DNA). Under our incubation conditions 2 U of NciI/µg DNA gave 100% cleavage of non-methylated and hemimethylated DNA. Under the same incubation conditions the fully methylated oligonucleotide gave only 3% cleavage (see Fig. 4 ). The fully methylated oligonucleotide incubated with 2 U/µg DNA gave, after 3 h incubation at 37°C, 6% cleavage (data not shown). In order to decrease the high background of non-methylated CCCGG or CCGGG, DNA was first digested with HpaII (CCGG). The receding 3′-ends were filled-in with dXTPs using Klenow enzyme. Upon removal of unincorporated nucleotides the DNA was digested with NciI. The DNA fragments were labelled at the 3′-end with radiolabelled dCTP and dGTP with Klenow fragment. Unincorporated nucleotides were separated by gel filtration (spin column) and the specific radioactivity of the DNA was determined.
As an alternative procedure we used DNA methyltransferase purified from HeLa cells (13) . The incubation conditions were the same as for the SssI methyl-accepting assay described above except that the incubation time was only 15 min. As tested with synthetic hemimethylated and non-methylated oligonucleotides, a short incubation of these substrates with Dnmt1 of 15 min resulted in >90% of maintenance methylation activity (methylation of hemimethylated DNA), the rest being de novo methylation. Commercial recombinant DNA methyltransferase 1 produced in insect cells did not give any incorporation under the present incubation conditions. Only very weak incorporation was observed with genomic DNA incubated for several hours.
Fractionation of genomic DNA
Total genomic DNA was fractionated into highly repeated, moderately repeated, low copy and single copy genes by means of reassociation kinetics (24) .
RESULTS
Changes in genome expression during mouse myoblast differentiation
Total RNA was prepared from G8 myoblasts at different stages of differentiation. Biotinylated cRNA hybridisation of Affymetrix U74A murine microarrays indicate that upon differentiation many genes are down-regulated while other genes are up-regulated. Figure 1 shows a hierarchical tree cluster of muscle-related gene expression changes during myoblast differentiation. Among the down-regulated genes are those involved in DNA synthesis and replication and among the up-regulated genes are those which are muscle specific, thus demonstrating that the selected G8 myoblast clone has retained the main myogenic functions. Among some of the genes increasing from a background of zero (silent to active) we will most likely find a change in their methylation levels. In order to test this possibility, cells grown in medium supplemented with 20% serum were treated for 4 days with 5 µM 5-azacytidine (5-aza-C). Total RNA was extracted and tested with DNA microarrays. As can be seen, the changes in expression caused by 5-aza-C treatment are in the same direction as those observed during the differentiation time course. Results obtained with microarrays further indicate that in the presence of 5-aza-C ∼2135 (6.1%, assuming a genome size of 35 000 genes) Figure 1 . Hierarchical tree cluster of muscle-related gene expression changes during myoblast differentiation. This tree cluster was generated using the dChip program (23) . For each gene the colour black indicates the median expression values across the arrays, green indicates lower than the median expression and red indicates higher than median expression. The code numbers represent the GenBank accession numbers and the Affymetrix identifiers (in parentheses) for each gene.
genes were up-regulated from zero or low values while ∼1015 (2.9%) genes were down-regulated. During the same time 1.2 × 10 6 mCpG sites per haploid genome were demethylated. Among the genes up-regulated were muscle-specific genes, similar to the observation in differentiating cells. In silico analysis of the results of microarray RNA-DNA hybridisation also indicate that during the 4 days of differentiation 2.37% of the genes are activated (increase from zero) while 8.61% are up-regulated (increased from non-zero values) and 1.68% have a decrease in hybridisation signal. The 2.37% of activated genes (increase from zero) represent, for a mouse genome of 35 000-70 000 genes, ∼830-1650 up-regulated genes.
Dynamic changes in DNA methylation during mouse myoblast differentiation
It has been previously shown that a transient genome-wide demethylation takes place during mouse myoblast differentiation (9, 10) . In the present work we have used the less cumbersome, more reliable and sensitive SssI methyl-accepting assay to monitor changes in the methylation of CpG islands from total genomic DNA (24) occurring during differentiation. The results in the inset of Figure 2 show that upon onset of myoblast differentiation, there is a progressive demethylation of DNA occurring without a time lag. After 1 day of differentiation there are between 500 000 and 650 000 CpG sites demethylated per haploid genome. The variations in the number of demethylated sites observed in different experiments depends on the density of the cells at the time of change to the serum-poor medium (the optimal cell density is 250 000-500 000/cm 2 ).
Figure 2 also shows that maximum demethylation is reached 2 days after the start of differentiation. Between days 2 and 4 there is, however, a partial remethylation of the genome. At this time a low but measurable amount of DNA methyltransferase(s) mRNA was observed (26) . If we take an average of 700 000 CpG sites demethylated per haploid genome and assuming that these sites were initially symmetrically methylated, this would represent 350 000 CpG sites. For a genome size of 35 000 or 70 000 genes, the fraction of genes potentially activated from zero values by demethylation could represent 829 or 1659 genes, respectively. This would give an average of 210-420 CpG sites per activated gene. This is obviously too large a number of CpG sites per gene. As the genome is compartmentalised into CpG-rich and repeat-rich regions we determined the extent of demethylation of various fractions of DNA obtained by reassociation kinetics.
Which fraction of the genome becomes demethylated?
Studies on DNA fractionated by reassociation kinetics indicate that highly repeated sequences contain more CpG sites than the single copy fraction of the genome (27, 28) , suggesting that this fraction could be an important target for methylation/demethylation. Table 1 shows that the hypomethylation expressed as ∆ pmol CH 3 incorporated/µg DNA is greater in the highly repeated sequences than for the other fractions. The ∆ pmol CH 3 incorporated/µg DNA represents the difference in incorporation obtained between non-differentiating control DNA and the corresponding DNA fraction from differentiating cells. The last column of Table 1 expresses the relative change in hypomethylation of each fraction as a percentage of the incorporation measured for the corresponding fraction of nondifferentiating cells. Per cent hypomethylation is highest in the highly repetitive DNA, followed by the single copy sequences. For this last fraction a ∆ value of 0.04 pmol/µg DNA represents an average of 25 symmetrically methylated CpG sites per gene undergoing activation from zero value (1659 genes for a genome of 70 000 genes). This value seems more plausible provided that all these genes undergo demethylation during differentiation.
Genome-wide demethylation occurs in the absence of DNA synthesis
Genome-wide demethylation may occur by a passive or active mechanism. For example, in differentiating erythroleukemia cells, Adams et al. (11) suggested that transient demethylation may not reflect the selective removal of methylcytosine from pre-existing DNA but that delayed methylation of newly synthesised strands could possibly give rise to a transient increase in hemimethylated sites. This could arise due to a failure of endogenous DNA methyltransferase 1 to keep pace with replication. In order to assess the role of DNA replication in genome-wide demethylation, DNA synthesis in myoblasts was blocked with either aphidicolin or L-mimosine. Aphidicolin blocks DNA synthesis (29-31) whereas L-mimosine, a plant amino acid, reversibly inhibits cell cycle progression in late G 1 phase (29, (32) (33) (34) . Aphidicolin and L-mimosine, at the concentrations used, did not inhibit or stimulate DNA methyltransferase or 5-MCDG (data not shown). At a concentration of 3 µM, aphidicolin inhibited DNA synthesis by >99%, whereas the same level of inhibition of DNA synthesis required 400 µM L-mimosine (data not shown). Cells were pretreated for 16 h with either aphidicolin or L-mimosine before they were moved to differentiation medium. The drugs were also added to the low serum differentiation medium. After 24 h of further incubation in the low serum medium, cells were collected and DNA extracted and tested for methylation. Figure 3 shows the results of the SssI methyl-accepting assay. It can clearly be seen that cells grown in normal medium in contact for 16 h with either aphidicolin or L-mimosine were hypermethylated (bar 1). Hypermethylation caused by drugs interfering with DNA synthesis has already been documented for other systems (24; and references therein). However, when the cells were further incubated for 24 h in differentiation medium in the presence of either aphidicolin or L-mimosine, genome-wide demethylation took place, albeit at a somewhat lower level than for differentiating cells incubated in the absence of the two drugs (Fig. 3 , compare bars 2 and 3). The somewhat smaller hypomethylation observed for differentiating myoblasts grown in the presence of aphidicolin may be explained by a slight toxic effect of the drug. In the presence of 3 µM aphidicolin some cells with picnotic nuclei detached from the collagen-coated Petri dishes. These results strongly suggest that significant DNA demethylation can occur despite the absence of DNA synthesis. Therefore, genome-wide demethylation is in part an active process due to an enzymatic reaction. 
Hemimethylated CpG sites are present during the early phase of myoblast differentiation
The presence of hemimethylated CpG sites in the early phase of cell differentiation has already been documented (13) . In our system upon the onset of differentiation there is a drop in both DNA synthesis and DNA methyltransferase activities, which could potentially create hemimethylated sites. The presence of hemimethylated CpG sites in total genome DNA was tested with two different procedures. One is based on the ability of NciI to cleave, under certain conditions, CCCGG or CCGGG sites in the hemimethylated but not in the symmetrically methylated form (25; Fig 4) . The second procedure is based on the capacity of purified DNA methyltransferase 1 to selectively methylate hemimethylated DNA (13) . The results in Figure 5 , for both methods, clearly show that in non-synchronised dividing mouse myoblasts there is a baseline level of hemimethylated sites already present. Three hours following the onset of myoblast differentiation there is an increase in the number of hemimethylated sites. The increase in hemimethylated sites could account in part for the hypomethylation that we observed during the first 3 h of differentiation (Fig. 2) as SssI methyltransferase does not distinguish between hemimethylated and non-methylated CpG sites. As seen in Figure 5 , after the first 3 h differentiation there is a steady decline in hemimethylated sites. Concomitant with the decrease in hemimethylated sites there is also an increase in overall hypomethylation of the genome (compare Figs 2 and 5 ), suggesting that these hemimethylated sites are enzymatically demethylated. Since we have previously shown that hemimethylated DNA is the preferred substrate of 5-MCDG in vitro, it was logical to test whether this enzyme is responsible for the genome-wide demethylation occurring in differentiating mouse myoblasts.
Transfection of myoblasts with G/T mismatch DNA glycosylase antisense morpholino oligonucleotides decreases the level of 5-MCDG activity and inhibits genome-wide demethylation
It has previously been shown that in vitro the preferred substrate of 5-MCDG is hemimethylated DNA (21, 35) . From Figure 5 it can be seen that following the onset of differentiation there is an initial increase followed by a rapid loss of hemimethylated CpG sites. It is possible that these hemimethylated sites are acted on by 5-MCDG, thereby generating genomewide demethylation. In order to test this hypothesis, the level of endogenous 5-MCDG present in myoblasts was depleted with morpholino antisense oligonucleotides as described in Materials and Methods. The results in Figure 6 show that upon differentiation there is an ∼3-fold increase in glycosylase activity. Transfection with control morpholino oligonucleotides does not alter the level of glycosylase activity (compare bars 2 and 3). An additional control carried out with the morpholino oligonucleotide of the unrelated sequence of p68 helicase had no effect on 5-MCDG activity (results not shown). However, differentiating myoblasts transfected with the G/T mismatch DNA glycosylase antisense morpholino oligonucleotide have a lower level of glycosylase activity (Fig. 6 , bar 4) than cells transfected with control morpholino oligonucleotide (bar 3) and non-differentiating cells (bar 1). At the same time, the results in Figure 7 show that transfection of differentiating cells with antisense morpholino oligonucleotides produces a decrease in genome-wide demethylation (compare bar 3 with bars 1 and 2). The extent of inhibition of hypomethylation by antisense morpholino oligonucleotides varies between experiments and on average (six independent experiments) there was an ∼80% decrease in hypomethylation. The random morpholino oligonucleotide sequence used as a control did not give any significant inhibition of hypomethylation when compared with a non-transfected control (Fig. 7 , compare bars 1 and 2). Since at the onset of myoblast differentiation there is an increase in hemimethylated CpG sites, one would expect that cells treated with G/T mismatch DNA glycosylase antisense oligonucleotides should present higher levels of hemimethylated DNA than the controls treated with random sequences. The inset of Figure 5 (bar 3) shows that at 24 h differentiation cells treated with the morpholino antisense oligonucleotides have more hemimethylated DNA than the corresponding nontreated controls (bar 1) or the controls treated with a random oligonucleotide sequence (bar 2). A value of 40 fmol [ 3 H]SAM incorporated/µg DNA represents ∼50 000 CpG sites per haploid genome. This is only ∼10% of the total demethylated sites observed 24 h post-differentiation. The presence of these hemimethylated sites in cells treated with antisense oligonucleotides could possibly explain the results obtained in Figure 7 (bar 3) with the SssI methyl-accepting assay. In these experiments we always observed a residual [ 3 H]methylaccepting activity. Taken together, these results suggest that hemimethylated DNA is indeed a substrate for 5-MCDG. In addition, 5-MCDG seems to be capable of using symmetrically methylated DNA as a substrate.
DISCUSSION
A comparison of the present data with our previous work (9) shows a significant difference in the kinetics of DNA demethylation. This difference could possibly be explained by the use, in the present case, of one selected clone of G8 mouse myoblasts. This clone has a higher basal level of 5-MCDG than the original pool of cells from which it was derived. In addition, the SssI methyl-accepting assay presently used is far more sensitive and reliable than the previous assay based on the analysis of CCGG sites. A comparison of the results obtained by hybridisation with DNA microarrays and Figure 2 shows that genome-wide demethylation precedes the turning on of a large number of genes. Results obtained with myoblasts treated for 4 days with 5 µM 5-aza-C also suggest that many musclespecific genes may be directly or indirectly regulated by DNA methylation (Fig. 1) . Furthermore, for the most important genes involved in myogenesis, like myogenin, Scarpa et al. have clearly shown that demethylation is required for its activation (10, 36) . Demethylation of the myogenin gene is rapid and precedes myogenic differentiation. Using a different approach, Szyf et al. (37) showed that overexpression of DNA methyltransferase 1 cDNA in the antisense orientation in 10T½ cells triggered DNA hypomethylation and myogenesis. These cells were converted into multinucleated tubular cells and expressed skeletal myosin heavy chain protein. These results indicate that demethylation of specific genes is crucial for myogenic differentiation. Interestingly, the 5-MCDG (G/T mismatch glycosylase) mRNA expression level is reduced during differentiation and after 5-aza-C treatment. This contrasts with the results obtained by measuring the activity of 5-MCDG in nuclear extracts. In this case there is, at 24 h differentiation, a 2-3-fold increase in the specific activity of the enzyme (Fig. 6 ). An explanation for this could be covalent modification of the enzyme or of its complex with other proteins. For example, we found that nuclear extract incubated in the presence of the phosphatase inhibitor β-glycerophosphate had three times more 5-MCDG activity than controls incubated in the absence of the inhibitor (unpublished results). This result is consistent with possible phosphorylation of one of the components of the demethylation complex.
One of the first steps in genome-wide demethylation may be the formation of hemimethylated CpG sites. Based on their experiments with differentiating mouse erythroleukemia cells, Adams et al. (11) suggested that a delay in the methylation of newly synthesised DNA during the early phase of differentiation could generate hemimethylated sites and transient hypomethylation. A similar observation has been made for the early phase of differentiation of F9 embryonal carcinoma and Friend erythroleukemia cells; hemimethylated sites were also detected (13) . Formation of hemimethylated DNA has also been documented for specific genes, such as α-actin transfected into L8 myoblasts (24) and for the avian vitellogenin gene in vivo (38) . In this last example, upon estradiol treatment the promoter of the avian vitellogenin II gene becomes demethylated first on one strand, followed 24 h later by the second strand (38) . A similar mechanism is possibly responsible for glucocorticoid-induced demethylation of the hepatic tyrosine aminotransferase gene (39) . The results in Figure 5 are in agreement with the above observations since during the early phase of myoblast differentiation there is also an increase in hemimethylated DNA. The quick disappearance of these hemimethylated sites could constitute in part the overall demethylation shown in Figure 2 . It is conceivable that 5-MCDG may be implicated in the removal of asymmetrical methylcytosine, since we have shown in in vitro experiments that this enzyme prefers hemimethylated DNA as substrate (21, 33) . The results in Figures 6 and 7 clearly show that antisense morpholino oligonucleotides to 5-MCDG (G/T mismatch DNA glycosylase), which lower the level of glycosylase activity, also partially inhibited genome-wide demethylation. A partial rather than total inhibition of hypomethylation is to be expected, since during the first few hours following incubation in serum-poor medium there is still formation of hemimethylated sites. As shown in Figure 5 (inset, bar 3), 24 h after the onset of differentiation cells treated with antisense oligonucleotides still had high levels of hemimethylated CpG sites when compared with the controls (bars 1 and 2). These hemimethylated sites could possibly serve as a substrate for the SssI [ 3 H]methyl-accepting assay and explain the residual hypomethylation observed in cells treated with antisense 5-MCDG oligonucleotides (Fig. 7, bar 3) . As already mentioned in Results, these hemimethylated sites represent only a fraction of all demethylated sites, implying that symmetrically methylated DNA could also possibly serve as a substrate for the glycosylase in vivo. Preliminary experiments clearly indicate that in this system 5-MCDG is part of a complex of different proteins (B.Zhu, unpublished results). Transfection of the cells with control morpholino oligonucleotides had only a limited effect on glycosylase activity and genome-wide demethylation when compared with mocktransfected cells.
We have previously shown that 20-fold overexpression of 5-MCDG in human kidney 293 cells was sufficient to trigger demethylation of the promoter of a reporter gene without causing genome-wide demethylation (40) . This is in apparent contradiction to the results obtained with differentiating myoblasts. In myoblasts genome-wide demethylation is initiated by placing the cells in serum-poor medium, leading to a lowering of DNA methyltransferase 1 activity (9) and the formation of hemimethylated DNA. As this presumably occurs at random sites throughout the genome, it generates hemimethylated sites that are acted upon by 5-MCDG to contribute to genome-wide hypomethylation.
On the other hand, in the former system the kidney cells were actively dividing in continuous culture in serum-rich medium. The absence of a trigger to generate hemimethylated DNA may explain the lack of extensive genome-wide demethylation despite the high levels of 5-MCDG in the kidney cells. In addition, in 293 kidney cells demethylation was specifically targeted to the reporter gene by formation of a complex between 5-MCDG and the retinoid X receptor (the promoter contained several tandem repeats of a retinoid X receptorbinding site). Thus demethylation of a specific site in this case could be achieved in the absence of overall genome-wide hypomethylation. What is the triggering mechanism(s) of DNA demethylation? Based on our past (9) and present results, it is conceivable that the presence of hemimethylated DNA in replicating cells where DNA methyltransferase 1 activity decreases very rapidly (onset of differentiation) could be one of the signals for the glycosylase to remove 5-methylsytosines from hemimethylated DNA. The DNA repair machinery could then replace it with cytosine. Whether genome-wide demethylation is a random or gene-specific process is unknown. A priori one cannot exclude the possibility that some other factors present in the demethylation complex may provide specificity of demethylation of a set of genes.
The mechanism of genome-wide demethylation described above is probably different but related to that responsible for the paternal genome demethylation observed in fertilised mouse oocytes (1, 2) . In oocytes very low levels of G/T mismatch DNA glycosylase (5-MCDG) mRNA were observed (41) . In sharp contrast, in mixed spermatogenic germ cell nuclear extracts (42, 43) and in mature human sperm cells (J.-P.Jost, unpublished results) highly efficient base excision repair activities are present. It is also noteworthy that demethylation of the paternal genome is rapid and takes place in the absence of replication. This suggests that in this particular case the demethylation of DNA occurs exclusively on symmetrically methylated CpG sites.
As we have seen in Figure 2 ,~48 h following the onset of genome-wide demethylation there is remethylation of the genome. This de novo methylation of DNA could possibly be due to an isoform of Dnmt1 recently discovered in differentiated myotubes (44) , or alternatively to Dnmt3a and 3b (45) .
The de novo methylation occurring 2-4 days after the onset of differentiation could possibly be responsible, in part, for the silencing of genes that are down-regulated.
